A Monte Carlo method is presented to evaluate quantum states with many particles moving in the continuum. The scattering state is generated at each time by a Monte Carlo random sampling algorithm. The same calculation are repeated until the average energies of all calculations converge. For systems with one and a few particles, our calculations show that the exact solution can be approached with around only one hundred iterations. As examples, we apply the approach to study the structure of neutron-rich oxygen isotopes.
A Monte Carlo method is presented to evaluate quantum states with many particles moving in the continuum. The scattering state is generated at each time by a Monte Carlo random sampling algorithm. The same calculation are repeated until the average energies of all calculations converge. For systems with one and a few particles, our calculations show that the exact solution can be approached with around only one hundred iterations. As examples, we apply the approach to study the structure of neutron-rich oxygen isotopes. The configuration interaction approach plays an decisive role in the description of quantum many-body systems including quantum chemistry, atomic and molecular physics, condensed matter physics and nuclear physics. In nuclear physics it is more known as the interacting shell model in which the wave function is constructed as a linear expansion of all possible anti-symmetric Slater determinants within a given model space. The model space is usually defined by taking into account the singleparticle orbitals within one or a few major shells. However, the size of the model space increases exponentially with the number of valence nucleons and orbitals, which soon becomes much larger than those treated by conventional diagonalization techniques [1, 2] .
Another challenge is that the shell model practically describe the nucleus as a closed system since the continuum effect is not considered explicitly [3] . Among the attempts to tackle this problem we mention the shell model in the complex energy plane [4] [5] [6] which spans the Berggren space [7] . This is made possible by the introduction of the so-called Berggren representation where the continuum is represented by an ensemble of discretized scattering states on a chosen contour [8] . The Berggren representation has been successfully applied to study the structure of light He, Li and O isotopes (see, e.g., Refs. [6, 9, 10] ) and is also incorporated into the coupled-cluster method [11] . It is to be emphasized that the calculation within the Berggren representation is even more challenging than the traditional configuration interaction approach since a large amount of continuum states have to be included [8] , which increase dramatically the configuration space, as well as make it non-Hermitian and complex [9, 10] . Moreover, it is difficult to identify the physically meaningful state from such calculations since they induce many states which can lie at very low energies but are immersed in the continuum.
In this letter we will develop an alternative Monte Carlo method to perform calculations in the continuum. Our basic assumption is that resonances can be described in terms of states lying in the complex energy plane. These complex states correspond to solutions of the Schrödinger equation with outgoing boundary conditions. The eigenstates thus obtained can be used to express the Dirac δ-function as [7] 
where the sum runs over all the bound states and complex states (poles) which lie between the real energy axis and the integration contour L + . The wave function of a state n in these discrete set is w n (r), and u(r, ε) is the scattering function at energy ε. The Berggren representation is obtained by discretizing the integral in Eq. (1) [8] . It includes all the bound, antibound, resonance and a large number of discretized scattering states. In this work, instead of including many scattering basis states, we will use only one or a few samples of them at a given time. The same calculation will be repeated until the average energies corresponding to all those calculations convergence to a certain value. We call this the Monte Carlo representation since the scattering state is generated at each step by the Monte Carlo random sampling algorithm. With this procedure the dimension of the basis, which can otherwise be many orders of magnitude larger than the one proposed here, is relatively easy to handle. Another advantage is that the physically meaningful state can be easily identified due to the large removal of states mainly composed of continuum. Moreover, the model we proposed can be straightforwardly incorporated into the variety of Monte Carlo truncation schemes of configuration interaction approaches [2, 12, 13] by generalizing them to the complex energy plane.
As an illustration, we firstly apply the method to evaluate the one-particle state in the complex energy plane for which exact solution exists. We use a realistic singleparticle Hamiltonian H 0 to generate several sets of orthonormal basis states. Within each set, we diagonalize a certain target Hamiltonian H to evaluate its eigenvalues and eigenvectors. The exact solution is derived by solving directly the Schrödinger equation with proper boundary conditions. As in Ref. [8] , we use a Woods-Saxon potential corresponding to the nucleus 208 Pb. We concentrate on two of its h 11/2 eigenstates: A bound state at −14.960 MeV and a resonance at (2.251, −0.026) MeV. The tar- . For each contour, we select the same number n of discretized scattering states u(r, ε p ) on different segments. The weights h p are calculated according to Gaussian quadrature method [8] . We diagonalized the target Hamiltonian H within these two bases. The results correspond to different n are given in Table I . it is seen that, when n is small, the difference between the calculated eigenvalue and the exact result is quite large, especially for the resonance state. Moreover, the converged eigenvalues for calculations within contour 1 differ from the exact values by about 2 keV. It means that the scattering states with the energy larger than 30 MeV still have noticeable contribution to the wave function. Our calculations show that scattering states with energy higher than 100 MeV have negligible influence.
Instead of summing many discretized scattering states over the contour, we will use a Monte Carlo method to approach the integral. We approximate the integral in Eq. (1) as
where p runs over the different segments of L + and v p denotes the length of the corresponding segment. In practice, we will choose three segments for the contour (0, 0) → (0, −5) → (20, 0) → (100, 0) and randomly pick up one scattering sample on each segment at each time i. Now our shell-model basis consists only one bound state, one resonance and three random scattering states. In the other word, we consider, at a discrete time, one scattering state in each step a 'single' quantum state which is the superposition of several ones, |φ(r) i = p v p /N |u(r, ε pi ) where N denotes the normalization factor [14] . Within this basis, for which the dimension is much smaller than that of complex shell model, we diagonalize at each time i the target Hamiltonian H as before. The same calculation is repeated N times. The final total energy E of a given state is given as the average value of all the corresponding eigenvalue E i we got in previous calculation. The physically meaningful states one get at each time can be easily identified, since they are dominated by the pole configurations. The convergence of our calculations for the bound and resonant states are shown in Fig. 1 . The converged results are −12.526 MeV for the bound state and (4.324, −0.328) MeV for the resonance after 50,000 individual runs. The systematic error for our calculation of the bound state energy is less than 1 keV. The error for the resonance state is only about 3 keV. Now we apply our Monte Carlo representation to evaluate two-particle systems. We take the nucleus 26 O as an example, which has two neutrons outside the closed shell 24 O [15] [16] [17] [18] [19] and is expected to be unbound [20] [21] [22] . The nucleus 25 O is also detected to be particle instable and decays under the emission of one neutron [15] . The single particle states can be well reproduced by using the Woods-Saxon potential [23, 24] . The parameters we take correspond to r 0 = 1.285 fm, V so = 16.331 MeV, r so = 1.146 fm and a = 0.691 fm [24] . The depth V 0 is slightly adjusted to reproduce the experimental energy of the d 3/2 orbital at 770 KeV [15] .
In [4, 10] . The strength G of the separable interaction is determined by fitting to the ground state energy. We chose contour (0, 0) → (0, Table II . we also did the calculation without including the continuum states. In this case the model space only contains two resonances d 3/2 and f 7/2 . As is shown in Table II , the ground state thus obtained has a positive imaginary part of the energy, which is not physical, due to the non-completeness of the basis. Now we proceed to do the same calculations by applying the Monte Carlo method. We use the same contour as in the CXSM calculation. Two kinds of calculations are done. Firstly, the energies of 0 + states in 26 O are calculated by fixing the strength G in each run to reproduce is plotted in Fig. 2 . We repeat the procedure for 10,000 times and the results shown in Table II are the converged average of all individual runs. We can see that the accuracy of our Monte Carlo calculation is quite satisfactory. The difference between the Monte Carlo and CXSM calculations is below 2 keV.
For the second step, we redo the Monte Carlo calculation by taking for the strength G to the same value as in CXSM (MC-II). The convergence of our calculations for the ground state and the first excited 0 + state are plotted in Fig. 3 . We repeat the procedure for 10,000 times and the converged average are also shown in Table II. The accuracy of the Monte Carlo calculation is also good. The difference between the Monte Carlo and CXSM calculations is below 1 keV, except the imaginary part of the ground state has a difference of 60 keV. The reason for the relatively large difference might be that the ground state as well as the single-particle d 3/2 resonance are close to the origin. Hence the correlation between the resonance and the continuum around the origin is pretty strong. This discrepancy may be fixed by taking more scattering states close to origin in the Monte Carlo calculations.
We now apply our Monte Carlo representation to calculate the three-particle system 27 O. The three-particle bases are constructed by applying the same approach as Ref. [10] . Only the pairing interaction is taken into account for simplicity. The ground state energy is calculated to be 1.659 − i0.113 and 1.663 − i0.138 MeV for calculations with the MC-I and MC-II approaches, respectively. The convergence of the ground state with different approaches are given in Fig. 4 . The first excited state is calculated to be 7/2 − . The energies are calculated to be 4.605 − i0.556 MeV (MC-I) and 4.604 − i0.614 MeV (MC-II).
In principle, the effective interaction should be renormalized differently for calculations within different model spaces (see, e.g., Ref. [25] ). However, our calculations shown above tend to suggest that one can safely take the same interaction for calculations with the full CXSM and Monte Carlo calculations even though the number of single-particle states is highly restricted in the latter case.
In full configuration interaction calculations, we do not distinguish between the discrete states and the 'discretized' scattering state. Thus the total M -scheme dimension will be significantly larger when the continuum is taken into account. For CXSM calculations on 26 O, the total M -scheme dimension is m n = 66 and 186966 for our calculations without and with the continuum states, respectively, where m (n) denote the numbers of Mscheme orbitals (particles). In the latter scheme, it is impossible to treat systems with more than three particles on modern computers. It should be mentioned that many of those large amount of configurations, which are mostly composed of particles in the continuum, are not physically meaningful and play a relatively minor role in the final wave function. This redundancy is mostly removed in our Monte Carlo calculation, for which is the corresponding dimension is m n = 1326, even though one may argue that it is not a 'full' representation. In that sense, the Monte Carlo method we propose is consistent with the variety of importance truncation algorithms employed in traditional configuration interaction approaches.
In summary, a Monte Carlo method is presented to evaluate the effect of the continuum within the configuration interaction approach. The scattering state on the contour is generated at each time by a Monte Carlo random sampling algorithm. We repeat the same calculation until the average energies of all calculations converge. We show that, for systems with one and two particles, the exact solution can be approached with only around one hundred iterations. With this procedure the dimension of the basis is much smaller than that of the traditional complex shell model. Moreover, the physically meaningful state can be identified in a more straightforward way. The approach is employed to evaluate the energies and the structure of the heavy unbound oxygen isotopes 26,27 O.
